Brokinkel et al. Brain invasion in meningiomas
NeuroOncology patients' prognosis have been shown in some studies. 32, 45 Thus, although not listed as a grading criterion for more than 2 decades, worse prognosis of brain invasive meningiomas has been described in the WHO classifications of brain tumors since 1993. 43 With the release of the 2016 edition, this heterogeneity gained highest clinical relevance, as microscopic evidence of brain invasion, even in the absence of further histopathological criteria of atypia, is now sufficient to impact tumor grading and therefore indirectly adjuvant therapy as well as inclusion in clinical trials. 1, 46 Regarding this increasing importance in routine meningioma diagnostics and treatment, we here provide an overview of the clinical implications of brain invasion based on an extensive Medline research. In particular, we aimed to (i) elucidate the different pre-, intra-, and postoperative methods for assessing brain invasion as well as (ii) the impact of brain invasion on tumor progression and survival. Moreover, we aimed to (iii) describe the current knowledge about specific adjuvant treatment options for brain invasive meningiomas. Finally, we intended to (iv) summarize the impact of brain invasion on histopathological grading in the WHO classifications of brain tumors published since 1979 and aimed to explore the implication of the 2016 changes on both clinical practice and trials.
Materials and Methods
An extensive Medline search was performed for the MeSH terms "meningioma" in combination with "brain invasion, " "brain infiltration, " and "brain invasive. " Initial search was performed on November 5, 2016 and repeated on January 17, 2017 . No additional relevant articles were found from the repeated searches. Retrieved records were published between 1950 and January 2017. Titles, abstracts, and full texts obtained, in addition to the cited studies, were systematically screened by 2 independent observers and included in this review, if they were relevant to the topics described above. Case reports, clinical studies, clinical trials, comparative studies, and comments were considered independent of the follow-up period, WHO classification used for grading, and date of publication. Abstracts were only included if providing detailed and explicit information about methods and results. Both full texts and abstracts not written in English were not further considered. Implications for brain invasion in the 1979, 1993, 2000, 2007 , and 2016 WHO classifications of CNS tumors were also reviewed and summarized in a separate section. Hence, of 476 records assessed for eligibility, 58 sources were included in this review (Fig. 1) . For a concise description in this manuscript, brain invasive grade II tumors with no further histopathological criteria of atypia are labeled "otherwise benign" meningiomas.
Results

Different Approaches of Brain Invasion Detection
For this section, all 58 eligible records were reviewed. According to the broad variety of studies published over the past decades, several definitions of brain invasion have been described, and a number of different approaches for detection in both research and clinical context have been proposed.
Among all related publications which were analyzed for this review, brain invasion was further specified in 16 manuscripts [2] [3] [4] 6, [8] [9] [10] [11] [12] 18, 30, 32, 38, 45, 47, 48 and aside from one exception was 2 mostly delineated in reference to Perry et al, 32 who defined brain invasive growth in 1997 as the presence of meningioma tissue within the adjacent brain without a separating connective tissue layer. Prior to that publication, the definition of brain invasion was rather inconsistent and included 2, 3, 8 or excluded 18, 38 the spreading of tumor cells within the Virchow-Robin spaces. While mostly not further specified, only 7 studies have described the partially distinct infiltrative growth patterns. 6, 9, 10, 12, 18, 45, 47 Among those studies, tongue-or finger-like protrusion of the tumor into the adjacent brain tissue is the most frequently reported invasion subtype. 6, 9, 10, 12, 45, 47 Additionally, several studies found diffuse (single cells spreading into the brain parenchyma 18, 45 ) and cluster-like (clustered "nests"/islands of tumor cells 6, 18, 45, 47 ) invasion of the tumor into the adjacent brain parenchyma (Fig. 2) . Moreover, gender-specific patterns of infiltration were found in one study (see below). 45 Microscopically detectable cerebral tissue was considered mandatory to determine brain invasive growth
Importance of the study
In the 2016 edition of the WHO classification of brain tumors, brain invasion in meningiomas has gained the highest clinical relevance, as it now directly impacts grading. Hence, brain invasion can now influence considerations about patients' prognosis and inclusion in clinical trials and can indirectly impact adjuvant therapy. However, varying approaches for histopathological analyses are described and the prognostic value of brain invasion remains controversial. Additionally, several studies investigated correlations of brain invasion with clinical variables and imaging findings. We reviewed the current knowledge and published studies about brain invasion with emphasis on its implications on current and future clinical neurooncological and neurosurgical practice, including preoperative imaging, surgery, and adjuvant therapy. We discuss the variability of neuropathological approaches to evaluate brain invasion, elucidate the prognostic value of brain-invasive growth among the studies published so far, and summarize its impact on histopathological grading in the WHO classifications of brain tumors published since 1979.
in only 7 of the 47 (15%) 4, 10, 23, 30, 32, 33, 37 reviewed studies with available data, while this was not further specified in the vast majority of papers and one group also requested macroscopically detectable brain on the microscopic slides. 6 In 2014, Pizem et al showed that "extensive sampling" of resected tumors, in terms of increasing the number of tissue blocks analyzed, raised the frequency of detection of brain invasion. 4 Accordingly, although with some limitations, since WHO grades of the tumors in the different studies were not generally considered, we found a correspondingly higher average frequency of brain invasion in studies in which the presence of neural tissue on microscopic slides was mandatory to evaluate brain invasion (50%, range 26%-77% vs 16%, range 3%-46%).
Among 31 studies with available data, brain invasion was uniformly light-microscopically diagnosed without using immunohistochemical staining. However, when brain invasion was suspected, but not clearly determinable on standard hematoxylin and eosin slides, staining for glial fibrillary acid protein, CD44, and epithelial membrane antigen 2,4,9,10,12 was shown to increase sensitivity for detecting brain invasion in 5 studies.
According to the different approaches to assess brain invasion, reported incidences varied among all studies and further depended on the WHO grades of the tumors included in each analysis. Thus, studies investigating meningiomas of all WHO grades revealed brain invasion in 5%-78%, while rates were increased as predicted, when only investigating atypical (13%-70%) and anaplastic meningiomas (70%-100%). 4, 17, 19, 23, 33, 39, 45 
Correlation of Brain Invasion with Clinical Variables
Fifteen studies were found reporting information about the correlation between clinical variables and brain invasion. 2, 4, 16, 29, 30, 32, [36] [37] [38] 45, [49] [50] [51] [52] [53] Among those studies, the incidence of brain invasion was generally not correlated to patients' age and has been observed in pediatrics harboring both sporadic and neurofibromatosis 2-associated tumors. 38, 52, 53 Among the latter, brain invasive growth was found to be less common than in individuals with sporadic tumors. 52 Two studies demonstrated a slight trend of a higher frequency of invasive growth in males than in females 29, 30 which we could confirm in a statistically significant manner. 45 However, in the same series, brain invasion was strongly correlated with the presence of further histopathological grading criteria. Moreover, invasion was shown to have a mostly finger-like pattern in males, while in females the pattern showed a predominantly cluster-like infiltrative growth.
Although the degree of resection according to the Simpson classification 54 was independent of brain invasive tumor growth in 2 series, 16, 45 Pizem et al 4 reported a correlation of microscopically detectable brain invasion and intraoperative cleavability of the tumor with the brain surface and therefore contradicted previous findings from Vranic et al. 30 However, despite a lack of correlation between the extent of resection and brain invasive tumor growth, 16, 45 several studies 32, 36, 37, 45 demonstrated that the Fig. 1 Flowchart showing the selection process of relevant studies. In addition to 707 PubMed results identified through database searching, 42 records including quotations, 5 editions of the WHO classification of brain tumors, and recent studies known to the authors were screened. In 182 excluded cases, the abstracts did not provide detailed information about methods and results and full texts were lacking (*). Moreover, 24 full texts could not be considered, since they were not written in English (**). 
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prognostic impact of brain invasion might vary depending on the grade of resection (see below).
Generally, studies investigating potential associations between brain invasion and patients symptoms are sparse. In a series of 86 meningiomas, Vranic et al reported a higher frequency of behavior changes in brain invasive tumors in univariate analyses. 51 Additionally, an increased risk of seizures appears supposable regarding both cortical infiltration after disruption of the pial layer and potentially distinctive peritumoral edema of brain invasive meningiomas. 2, 7, 50, [55] [56] [57] In fact, an increased incidence of seizures in patients with macroscopically brain invasive grade II and III meningiomas, compared with non-invasive meningiomas, has been described. 50 However, brain infiltrative growth was not confirmed by microscopic analyses in this study.
Tumor location was found to be independent of brain invasion in all studies with available data, 16, 30, 45, 49 and to date no other radiologically detectable parameter was shown to be sufficient to predict brain invasion preoperatively by either MRI or CT. Although Mantle et al reported a strong correlation of invasive growth and peritumoral edema and demonstrated a 20% increase of brain invasion incidence for each centimeter of edema (as illustrated in Fig. 3 ), 2 this finding is nonspecific and was later contradicted by Pizem et al. 4 Moreover, expression of vascular endothelial growth factor, a driving factor for developing peritumoral edema in meningiomas, 58, 59 was not correlated with brain invasion. 12, 22 
Impact of Brain Invasion on Prognosis
Twenty-one studies [2] [3] [4] [5] 10, 16, [30] [31] [32] [33] [34] [35] [36] [37] 40, 45, 48, 49, 60 were found investigating brain invasion in correlation with patients' prognosis with a varying median follow-up period between 32 months to over 10 years (Table 1) . Of those, 14 (70%) reported an association of brain invasion with tumor recurrence after uni-or multivariate analyses with a broad variety of hazard ratios (Fig. 4) , 2, 4, 5, 30, [32] [33] [34] [35] 37, 39, 40, 45, 48, 60 or showed increased incidence of invasive growth in recurrent meningiomas. 4 However, several studies consistently reported invasive growth to be only prognostic after gross but not after subtotal tumor resection. 32, 36, 37, 45 Although a correlation of brain invasion with prognosis is therefore generally postulated, several studies reported significant associations of brain invasion with further histopathological criteria of atypia, 4, 10, 45, 60 probably additionally contributing to a worse prognosis in some of these cases.
Compared with tumor progression, mortality was investigated only in the minority of studies (n = 8). 3, 10, 16, 24, 30, 33, 45, 60 Among those, brain invasion was of minor prognostic value and correlated with mortality in uni-but not in multivariate analyses in 3 series only. 24, 30, 33 
Surgery for Brain Invasive Meningiomas
Among all reviewed records, 8 studies were found investigating the role of brain invasion during microsurgery for meningioma. 4, 16, 30, 32, 36, 37, 41, 45 Since sensitivity of in vivo detection of brain invasion using the standard intraoperative microscope is considered inferior to histopathological analyses and correlation with cleavability remains controversial, 4, 30 Peyre et al investigated the feasibility of in vivo and ex vivo confocal microscopy to detect brain invasion in a rodent model. After both the brain-meningioma interface as well as the tumor spread along the Virchow-Robin spaces were clearly identifiable in both native rodent meningioma samples and after the administration of fluorescein, the authors subsequently proposed to conduct further studies to investigate the feasibility of confocal (fluorescence) microscopy to detect brain invasion in humans. 41 While intraoperative 5-aminolevulinic acid-induced protoporphyrin IX fluorescence was shown to enable visualization of bone invasion in meningiomas, 61 increased sensitivity for detection of brain invasive growth has not been reported yet. Interestingly, although an increased intraoperative cleavability of the tumor does not necessarily indicate brain invasion 4, 30 and the extent of resection is considered to be independent of invasive growth, 16, 45 several studies showed that brain invasion is only prognostic after gross but not after subtotal tumor resection (see discussion). 32, 36, 37, 45 
Irradiation in Brain Invasive Meningiomas
The prognostic influence of adjuvant irradiation in highgrade meningiomas is widely investigated and remains controversial. [62] [63] [64] However, although shown to harbor distinct genetic alterations, [18] [19] [20] brain invasive meningiomas were found to be investigated by only 2 separate studies in this context. 37, 48 In 2014, Sun et al reported no prognostic impact of adjuvant external beam radiation therapy (EBRT) in a small series of gross totally resected brain invasive atypical meningiomas. 37 In a larger series of 50 radiation-naive patients who received either adjuvant EBRT or stereotactic radiosurgery for residual or recurrent atypical meningioma, brain invasion was correlated with a 3.5-fold increased risk of tumor recurrence compared with non-invasive atypical meningiomas. 48 
Pharmacological Approaches Directly Targeting Brain Invasion
One study was found investigating a drug directly targeting brain invasive meningiomas. 42 In gliomas, alterations of integrin-mediated signaling pathways have been shown to promote brain invasion, 65 and the effects of cilengitide, a specific integrin inhibitor, have been investigated in phase I, II, and III trials. [66] [67] [68] After integrins have also been shown to play Abbreviations: N/A = not applicable; n.s. = not significant; GTR = gross total resection; UVA = univariate analyses; MVA = multivariate analyses. a Including one or more further histopathological features of atypia. Varying WHO classifications, grades of included tumors, and follow-up periods were used within the included studies. However, most studies report correlations with tumor recurrence, while increased mortality in brain invasive meningiomas is rarely reported.
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an important role for invasive growth in meningiomas, 69, 70 Wilisch-Neumann et al investigated the effects of cilengitide in meningioma cell lines and mouse models. 42 Although not affecting survival or tumor volume, the authors report an inhibition of cell migration and invasive growth in vitro and correspondingly reduced brain invasion in mice after administration of cilengitide. Since performing adjuvant irradiation after cilengitide revealed some evidence of impacting tumor volume in subgroup analyses, the authors propose further studies to clarify the utility of a combined treatment.
Brain Invasion and WHO Grading
Regarding the above-mentioned variety of descriptions and definitions, the consideration of brain invasion and its impact on patients' prognosis and histopathological grading underwent substantial evolution within the past 4 decades and 5 editions of WHO classifications of brain tumors. With the release of the 1979 edition, several meningioma subtypes as well as proposals for histopathological grading were described, 71 while brain invasion as a grading criterion was initially mentioned in the subsequent series in 1993. 43 Referring to a consensus conference, the authors state that some neuropathologists "maintained that gross brain invasion (. . .) qualifies a tumor for the designation malignant, " therefore rather vaguely proposing invasive growth as a criterion for anaplasia. Later on, the 2000 WHO classification initially specified brain invasion as "characterized by irregular groups of tumor cells infiltrating the adjacent cerebral parenchyma, without an intervening layer of leptomeninges. " 28 Similar to 1993, the authors note that brain invasion can be found in otherwise histopathologically benign, atypical, or anaplastic meningiomas. Referring to the findings by Perry et al in 1997, 32 the 2000 WHO classification further reports a similar prognosis of brain invasive but histopathologically benign and atypical meningiomas, while brain invasion itself was not listed as a criterion for either atypia or anaplasia. In fact, although the authors state that brain invasive but otherwise benign meningiomas "should prognostically be considered WHO grade II, " they do not conclude that these tumors should also histopathologically be diagnosed as grade II. Interestingly, although this appears to be critical with regard to a uniform histopathological grading, the following 2007 edition did not provide any further details to clarify the role of brain invasion in meningioma grading. 44 Accordingly, while regarded as a criterion for atypia by most authors, brain invasion was not included in several studies published within the 2000 4, 6 and 2007 29, 49 WHO classification eras as a criterion for histopathological grading. About 23 years after the first description, the revised and currently published 2016 WHO classification now further specifies brain invasion and its impact on histopathological grading by indexing it as a stand-alone criterion for atypia. 1 
Discussion
This systematic literature review revealed various definitions of brain invasion and different methods of assessment. While its definition was rather vague and partially included tumor spreading along the Virchow-Robin spaces in studies published in the 80s and early 90s, 2, 3, 8, 18, 38 most reports released after 1997 defined invasive growth more precisely and uniformly according to the pioneering work by Perry et al. 32 However, the mandatory presence of neural tissue on the microscopically analyzed slides to provide reliable evaluation of brain invasion as described in this study still remains controversial. In 2014, Pizem et al further contributed to this discussion when showing that In most studies, brain invasion was significantly (black graphs) correlated with an increased hazard ratio of tumor recurrence in uni-(dashed lines) or multivariate (solid lines) analyses. However, no statistically significant correlation between tumor recurrence and brain invasion was found in some studies (gray graphs). For this figure, studies without information about hazard ratios and confidence intervals were excluded.
extensive neuropathological sampling increases the frequency of detection of brain invasion. 4 In fact, evaluating brain invasive growth in the absence of neural tissue and the brain/tumor surface appears to be critical, and the average frequency of brain invasion in meningiomas in this review was found to be higher in studies in which the neural tissue on the analyzed microscopic slides was mandatory. While therefore a more uniform neuropathological assessment was proposed, 72 standardization of surgical sampling might additionally help to improve accuracy of neuropathological diagnostics. 73 Assessment of brain invasion using the standard operative microscope is critical, 4, 30 and although promising, the feasibility of intraoperative fluorescence confocal endomicroscopy for the detection of brain invasion needs to be further investigated. 41 In neurosurgical practice, meningiomas are usually resected piecemeal by intraoperative suction and Cavitron Ultrasonic Surgical Aspirator, and en-bloc excision is rarely performed. Although we did not find any evidence that brain invasion impacts extent of resection, 16, 45 a considerable tissue portion might therefore get lost prior to neuropathological analysis also after gross total removal, and the risk of leaving behind (diagnostic, eg, brain invasive) tumor tissue is even higher after subtotal resection. 73 In fact, several studies consistently reported invasive growth to be prognostic only after gross but not after subtotal tumor resection. 32, 36, 37, 45 One possible explanation for this might be the extent of resection, which could impact prognosis much more 74 than brain invasive growth after subtotal resections or biopsies. However, this observation might also reflect a fundamental shortcoming when evaluating brain invasion neuropathologically in surgically obtained tumor specimens of subtotally resected meningiomas.
In fact, the risk of "undergrading" of meningiomas in these cases can directly impact clinical decisions (eg, in terms of withholding adjuvant EBRT) and have become even more critical with the release of the new WHO classification of brain tumors. 1 Based on the results of the reviewed studies, we therefore recommend the following considerations to improve the accuracy of detection of brain invasion in meningiomas:
Neurosurgical Sampling
• Inform the neuropathologist if brain invasion is suspected based on the extent of peritumor edema on preoperative MRI (illustrated in Fig. 3 ).
• Try to obtain specimens from the tumor surface at different sites.
• Explicitly flag these specimens as tumor surface.
• If applicable, record sites of resection of superficial tumor specimen using intraoperative neuronavigation.
• Inform the neuropathologist about the extent of resection to allow conclusion about tumor remnants left in situ.
Neuropathological Analyses
• Define brain invasion strictly according to the WHO classification of brain tumors.
• Analyze specimens marked as "superficial" separately from further tumor samples. Among all analyzed clinical variables, brain invasion was found to be independent of patients' age despite the higher proportion of atypical and anaplastic meningiomas in older patients, 75, 76 but more frequent in males compared with fem ales. 30, 45, 60 Although brain invasive growth was not correlated with estrogen or progesterone receptor expression in a recent series, 77 this finding might at least partially contribute to a higher frequency of atypical and anaplastic meningiomas in males. 44, 76 However, a higher rate of grades II and III meningiomas at the convexity compared with the skull base has also been described, 78 while brain invasion was independent of tumor location in all series with available data. 16, 30, 45, 49 Although no radiological imaging modality was found to reliably predict brain invasion, peritumoral edema was found to be distinctly higher in brain invasive than in non-invasive meningiomas 2 and should therefore be indicated in communication between the neurosurgeon and the neuropathologist. Both increased edema and disruption of the pial surface in brain invasive tumors might lead to cortical dysfunction and subsequent development of neurological symptoms. Hence, an increased risk of seizures in patients with macroscopic brain invasion was reported. 50 However, brain infiltrative growth was not confirmed by microscopic analyses in this study and intraoperative assessment of brain invasive growth using the standard operative microscope remains controversial. 4, 30 Similarly, an increased risk of behavior changes was found in microscopically brain invasive meningiomas in another series in univariate analyses. 51 Remarkably, behavior changes were also significantly associated with brain edema, which is commonly observed in brain invasive tumors, 2 and multivariate analyses including both brain invasion and edema were not provided. Several series investigating brain invasion in correlation with tumor progression were found. Among those, brain invasion was correlated with increased risk of tumor recurrence in the majority of studies. However, 4 of 8 more recent studies (50%) referring to the 2007 WHO classification 44 with a median follow-up period of 34 months to over 8 years reported no correlation between brain invasion and tumor recurrence. 10, 16, 36, 49, 79 In contrast, as a part of multivariate analyses in papers studying predictors for tumor relapse after gross total resection 37 and radiotherapy of residual or recurrent atypical meningiomas, 48 Sun et al calculated hazard ratios for recurrence in tumors with brain invasion of 3.8 and 7.1, respectively. The incidence of tumor relapse in brain invasive tumors was 2-fold increased only in univariate analyses in another recent series. 45 As the follow-up period in the studies which did not report any correlation with brain invasive tumor growth 3,10,16,31,36,49 was
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generally long enough to detect recurrences, the question arises whether different approaches to evaluate brain invasion, such as the mandatory evidence of neural tissue on the analyzed microscopic slides, partially contribute to the lack of correlation in some cases. However, one of 2 studies which evaluated brain invasion where there was the presence of microscopically detectable neural tissue reported a lack of correlation between invasive growth and tumor progression. 10 As correlation of brain invasion with further histopathological criteria of atypia, such as increased mitotic activity, geographic necrosis, etc, was reported in several studies and possibly additionally contributes to a worse prognosis, 4, 10, 45, 60 inclusion of these features in multivariate analyses 30, 32, 34, 37, 48 (marked with * in Table 1 ) is necessary to evaluate brain invasive growth more precisely as a stand-alone prognostic variable and criterion of atypia.
Only a few retrospective studies investigating adjuvant therapy options specifically in brain invasive meningiomas were identified. Among those, adjuvant EBRT was not shown to reduce tumor recurrence in gross totally resected tumors, and brain invasion was even correlated with increased risk of tumor recurrence after EBRT for residual or recurrent atypical meningioma. 37, 48 Regarding pharmacological options targeting brain invasion in meningiomas, cilengitide, a specific integrin inhibitor, was shown to reduce brain invasive growth in rodents. 42 Although preliminary, this finding encourages future studies to further elucidate the effects of cilengitide in invasive meningiomas. However, a literature search revealed that the role of both chemotherapeutic drugs and irradiation in brain invasive meningiomas is largely unexplored and still needs to be further established.
Since its initial consideration in 1993, the role of brain invasion for meningioma grading underwent substantial changes in the 4 released editions of the WHO classification of CNS tumors to date. 1, 28, 43, 44 Most significantly, describing a similar prognosis in brain invasive but otherwise histopathologically benign compared with atypical meningiomas in general without explicitly listing brain invasion as a grading criterion in the 2000 and 2007 editions 28, 44 has probably led to a partially inconsistent grading. 4, 6, 29, 49 However, the explicit inclusion of brain invasion as a stand-alone grading criterion for atypia in the newly released 2016 edition 1 might lead to a more unique grading in future analyses.
In conclusion, despite a variety of described methods to detect and define brain invasion over decades, the approaches used in the majority of the current studies were similar. However, more precise grading will require standardized neuropathological evaluation regarding both the extent of sampling and the mandatory presence of cerebral tissue on analyzed slides. Additionally, subtotal resection as well as loss of tissue prior to neuropathological analyses can impair detection of brain invasive growth.
Male gender is the only clinical or demographic risk factor found to be associated with brain invasion. Brain invasive growth can be poorly predicted on preoperative MRI or assessed intraoperatively and hence doesn't impact resectability. However, confocal microscopy might offer a future method for intraoperative detection. Although brain invasion was correlated with increased risk of tumor progression in most studies, frequently reported correlation with further histopathological criteria of atypia and anaplasia is noteworthy. The effect of irradiation in brain invasive meningiomas is presumably minor, and adjuvant chemotherapeutic options directly targeting brain invasive growth are largely unexplored. Hence, we recommend considering the following aspects when regarding brain invasion in meningiomas in clinical research and daily neurosurgical practice:
• Neurosurgical techniques and incomplete resection can impair neuropathological analyses and therefore grading.
• Neuropathological evaluation of brain invasion is not standardized and methods vary among published studies.
• Preoperative, imaging-based as well as intraoperative macroscopic assessment of brain invasion is not reliable. 
